Citation: HALL, M.R., NAJIM, K.B. and HOPFE, C.J., 2011. Transient thermal behaviour of crumb rubber-modified concrete and implications for thermal response and energy efficiency in buildings. Applied Thermal Engineering, 33-34, pp.7785.
This item was submitted to Loughborough's Institutional Repository (https://dspace.lboro.ac.uk/) by the author and is made available under the following Creative Commons Licence conditions.
For the full text of this licence, please go to: http://creativecommons.org/licenses/by-nc-nd/2.5/ 16 designs for Plain Rubberised Concrete (PRC) with varying %wt rubber substitution and 17 aggregate replacement types (fine, coarse, and mixed). The composites had significantly 18 lower density and thermal conductivity than plain concrete, and there was an inverse 19 relationship between thermal admittance and (a) mix design target slump, and (b) %wt crumb 20 rubber substitution. The thermal decrement remained almost constant, and yet the associated 21 time lag can be increased significantly. Parametric analysis of the effects of crumb rubber 22 substitution for a heavyweight PassivHaus standard dwelling (in non-mechanical ventilation 23 mode) was conducted using building performance simulation. 
Introduction 59
To rationalise mean annual operational energy consumption in residential buildings, the 60 relative importance of both heating and cooling loads changes according to the climate for 61 which the building has been designed to operate within its lifetime [1] and [2] . partitions. This research has also shown that the addition of crumb rubber aggregate has a 115 significant effect on concrete mix air entrapment, and as a result provides a reduced slump 116 whilst maintaining a high compaction factor in the plastic state. However, the effects of this 117 on dynamic thermal properties and behaviour have not been studied previously. 118
For the materials used in this study, high strength (52.5 MPa) CEM I class Portland cement 119 was used, with 10 mm quartzite natural gravel (G = 2.60, A = 1.2), and 5 mm down natural 120 grit sand (G = 2.65, A = 1.1%), both sourced from Hope Valley, UK. In addition, 2-6 mm 121 regular crumb rubber particles sourced from J Allcock & Sons, Manchester, UK. Three types 122
of PRC mix designs were tested based on three different target slump values; high (180 mm), 123 medium (120 mm), and low (65 mm). For each slump level the %wt crumb rubber aggregate 124 replacement was varied between 10%wt, 20%wt, and 30%wt for FR, CR, and CFR, plus a 125 control mix with 0% replacement, giving a total of thirty mixes. For this study, specimens 126 were prepared as 300 × 300 mm slabs with a thickness of 50 mm, based on ASTM C 192-127 88 [25] , and covered by a polyethylene sheet until final setting had occurred (24 h ±2), after 128 which the samples were de-moulded, labelled and submersed in a temperature-controlled 129
water curing tank at 20 °C ± 2 for 28 days. The particle-size distribution and specific surface 130 area for the fine aggregate (FA), coarse aggregate (CA), and crumb rubber aggregate are 131 presented in a previous study [24] along with experimental data for compaction factor, 132 compressive strength ( ), and indirect tensile (splitting) strength, dynamic Modulus of 133 Elasticity (Ed), and Ultrasonic Pulse Velocity (UPV). In addition to this, the chemical 134 composition and physical properties of the crumb rubber are also provided elsewhere [24] . 135 136
Characterisation of thermo-physical properties 137
The specific heat capacity, cp of each mix design was calculated as the sum of constituent 138 heat capacities and weighted by their %wt proportions. The experimental values for the 139 natural aggregate, crumb rubber, and Hardened Cement Paste (HCP) were presented in a 140 previous study [26] , where the mean value of five readings was taken across the range −13 °C 141 to 57 °C and determined using a Differential Scanning Calorimeter (Q10 DSC, TA The dry and saturated state specific heat capacities for each of the thirty (reference and PRC) 149 mixes used for this study are given in Table 1, Table 2 and Calibration constants (k1 − k6) are determined prior to testing using standard reference 167 specimens of know thermal conductivity determined by an absolute method. The thermo-168 physical characteristics of PRC materials are quite unusual since the effect of crumb rubber 169 replacement appears to be a reduction in thermal conductivity but an increase in heat capacity. 170
The reduction in conductivity can be attributed partly to the air entrapment effect of non-171 wetting rubber particles, resulting in significantly increased apparent porosity, but also to the 172 lower thermal conductivity of crumb rubber particles themselves. In higher rubber 173 replacement mixes the relative increase in saturated state thermal conductivity compared with 174 dry state is due to the increased apparent porosity giving greater natural convection heat flow 175 within the pore network when filled with water. Despite the associated reductions in bulk 176 density with rubber replacement, the higher specific heat capacity of rubber particles gives an 177 overall increase in heat capacity for the PRC materials (seeTable 1, Table 2 and Table 3 ). The 178 implications of these results are that PRC materials could be useful for building fabric to 179 reduce thermal transmittance whilst enhancing thermal buffering. 
aggregate types, for 180 mm, 120 mm and 65 mm slump PRC mix designs, are given 187 in Table 4, Table 5 and in Fig. 1, Fig. 2 and Fig. 3 
Transient numerical modelling of thermal behaviour 209
It was hypothesised that whilst PRC walls offer improved decrement time lag for thermal 210 mass applications, if they are used in highly insulated buildings with low air infiltration, and 211 reduced ventilation rates, then the reduced thermal admittance could increase their 212 susceptibility to overheating. Therefore, the purpose of the numerical modelling was to 213 accurately assess the usage of rubberised concrete classes in the context of a thermally 214 heavyweight PassivHaus construction type in a number of different scenarios. ) terraced house with two occupants and the 218 potential to be volume-built whilst being compatible with current UK housing typologies and 219 trends [34] . The design layout, main dimensions, and fabric U-values for the building are 220 shown in Fig. 4 . The cross-sectional wall design and assumed boundary layer values are given 221 in Fig. 5 . Comparative analysis was achieved by substituting the 100 mm concrete block used 222 in both the inner and outer leaf for PRC materials. An internal heat gain assumption of 223 2.1 W/m 2 was used, and also a standardised room temperature heating set point of 20 °C 224 maintained throughout the heating season. 225
In the UK, CIBSE Test Reference Year (TRY) weather datasets are typically used to represent 226 an average weather year in dynamic thermal simulations and are based on a composite of 227 twelve average months of data selected from the past twenty years of synoptic readings [35] . 228 However, with global air temperature following a predominantly rising trend for over half a 229 century the use of a TRY which is based on a twenty year historic average implies that the 230 'current' TRY dataset is actually ten years out of date [34] . The use of Design Summer Year 231 (DSY) as opposed to TRY data to some extent buffers the current overheating predictions in 232 the sense that the DSY data theoretically models a hotter than 'average' summer, by selecting 233 the median upper quartile summer from the past twenty years of data. In a twenty year dataset 234 this equates to the third hottest summer. The DSY dataset is however likely to provide 235 climatic data which is reasonably representative of the present day situation and for this 236 reason it has been selected as the most accurate data available for the base reference year here, 237 in lieu of the TRY. The Dry Resultant Temperature (DRT) or 'operative temperature' is 238 composed of the average of the internal air temperature and the mean room radiant surface 239 temperature [36] . As such the DRT creates a single index temperature which is thought to 240 provide a better indication of thermal comfort than indoor air temperature alone, since 241 radiative surface temperatures are also known to influence the perception of thermal 242 comfort [36] . As a result the DRT system has been adopted as a key thermal index by CIBSE 243 for moderate thermal environments and is also used in various ISO, ANSI/ASHRAE 244 standards [37] . 245 IES-ve Apache was chosen for the dynamic thermal modelling software as it enabled a 246 detailed interrogation of the thermal comfort levels in each PassivHaus construction type to be 247 determined on the basis of its thermal response. Two modelling scenarios were designed to 248 evaluate the potential overheating risk for the dwelling: 249
Scenario 1: this examined the implications of a present day hotter than average summer on 250 overheating risk using the current CIBSE DSY, using natural ventilation with windows 251 opening when external temperatures reach 23 °C being fully open at 27 °C and closing again 252 at 22 °C was specified in order to replicate a natural tendency to open windows in warm 253 weather. 254
Scenario 2: this examined the implications of a present day hotter than average summer on 255 overheating risk using the current CIBSE DSY, without night ventilation. In both scenarios, 256 twelve concrete materials were tested including the reference mix, 30%FR, 30%CR, and 257 30%CFR variants of the 65, 120 and 180 mm slump mix designs. 258
The use of PRC wall fabric appears to maintain a slightly higher internal DRT, even in a 259 cooler climate (seeFig. 6). This most likely occurs since volumetric heat capacity increases 260 with %wt rubber addition whilst thermal admittance decreases, hence the wall stores slightly 261 more heat energy and offers greater resistance to heat exchange with the indoor environment. 262
However, for this building type the changes in DRT, as a result of selecting PRC over plain 263 concrete for the wall fabric, appears to be insignificant. Fig. 7 shows that as the slump of 264 concrete mix design is decreased, the number of annual overheating hours significantly 265 decreases in Scenario 1 but not in Scenario 2. This finding aligns well with the measured 266 thermal conductivity and admittance values, suggesting that when combined with night time 267 ventilation these materials are able to release a larger quantity of stored heat and so have 268 greater cooling capacity for the following day. As expected, this behaviour is not observed in 269
Scenario 2. The addition of crumb rubber appears to increase the number of overheating 270 hours, particularly in Scenario 1, where the highest number is for 30%CFR 180 mm slump, 271 and the lowest is for the 65 mm slump reference mix. This correlates well with the previous 272 observation (above) and also the inverse relationship between thermal admittance and (a) the 273 mix design target slump, and (b) the %wt crumb rubber substitution. 274 Scenarios 1 and 2 were repeated for present day base case evaluation of overheating risk 275 based on two cooler climatic scenarios using (a) the current CIBSE TRY weather data for 276
London, and (b) Glasgow. In both cases material selection was restricted to 30%CFR 180 mm 277 slump (highest overheating hours) and 65 mm slump reference mix (lowest overheating 278 hours). As Fig. 6 shows, London TRY was significantly lower than for DSY. For Scenario 1, 279 the number of overheating hours equalled zero in both cases with the exception of the 280 30%CFR 180 mm slump case for Glasgow which had just 13 h overheating (above 26 °C). 281
Conclusions 282
The substitution of crumb rubber for mineral aggregate in concrete appears to cause a 283 significant reduction in thermal conductivity, which can be partly attributed to increased air 284 entrapment caused by the non-wetting rubber particles during mixing, and partly to the lower 285 thermal conductivity of the crumb rubber particles. As the %wt addition of crumb rubber 286 increases, there is a greater moisture-dependent effect on the saturated state thermal 287 conductivity due to the increased apparent porosity caused by air entrapment. There appears 288
to be an inverse relationship between the thermal admittance of concrete and both (a) the mix 289 design target slump value, and (b) the %wt crumb rubber substitution. Whilst the volumetric 290 heat capacity of concrete increases with %wt rubber addition, thermal admittance decreases 291 and hence a PRC wall can store more heat energy but offers greater resistance to exchange of 292 that heat with the surrounding environment. A further interesting effect of the rubber is that 293 thermal decrement remains almost constant regardless of the %wt rubber addition, and yet the 294 associated time lag increases significantly. 
